Introduction
[2] The early Paleogene was a climatically dynamic period, during which relatively short intervals of rapid global warming (hyperthermals) were superimposed on a warm background climate [Sluijs et al., 2007a; Zachos et al., 2008] . The Paleocene-Eocene thermal maximum (PETM), directly after the Paleocene-Eocene boundary, is the most extreme and best studied hyperthermal, with reconstructions of global temperature anomalies available from the deep-sea to terrestrial environments [e.g., McInerney and Wing, 2011] . The $170-kyr-long PETM is linked to a perturbation of the global carbon cycle, as seen in a several per mille negative carbon isotope excursion (CIE) recorded globally, in marine and terrestrial settings [e.g., Kennett and Stott, 1991; Koch et al., 1992; Thomas and Shackleton, 1996] . The CIE is caused by the rapid release of a large amount of 13 C-depleted carbon compounds into the atmosphere-ocean system, causing a rise in concentration of greenhouse gases and global warming. The approximate volume of released carbon compounds is still under debate, but has been commonly estimated between 2000 and 4500 gigaton [Dickens et al., 1997; Zachos et al., 2005; Dickens, 2011] . The rate of emission is also debated [Sluijs et al., 2012] , ranging from a few thousand years to about 20 kyr [Cui et al., 2011] . There is no agreement on source and method of emission of carbon compounds, hypotheses ranging from dissociation of submarine methane hydrates [e.g., Dickens et al., 1997; Dickens, 2011] to burning of peat deposits [Kurtz et al., 2003] , to oxidation of marine organic matter due to igneous intrusion [Svensen et al., 2004] , or oxidation of terrestrial organic matter in thawing permafrost [DeConto et al., 2012] , or some combination of carbon from different sources [Pagani et al., 2006] .
[3] Despite these uncertainties, the onset of the CIE is an outstanding global correlation level and has been used to define the base of the Eocene [Dupuis et al., 2003; Aubry et al., 2007] . The shape of the CIE is influenced by sedimentation rates, but provides tie points, allowing subdivision of the PETM in a CIE "core" (sustained low d 13 C values) and recovery interval, with d 13 C values increasing relatively rapidly during recovery phase I and more gradually in phase II [e.g., Röhl et al., 2007] . The PETM triggered prominent changes in marine ecosystems [e.g., Speijer et al., 2012] . Many biotic events can be used for worldwide correlation, specifically the extinction of deep-sea benthic foraminifera [Thomas, 1998 ] and the lowermost occurrence of distinct planktic foraminiferal [Kelly et al., 1996; Guasti and Speijer, 2007] and nannoplankton (Discoaster araneus and D. anartios) associations, generally called 'excursion taxa', as well as poleward expansion of lower latitude taxa [Raffi et al., 2005 [Raffi et al., , 2009 Aubry et al., 2007] . The potentially heterotrophic dinoflagellate cyst Apectodinium had an acme during the PETM associated with an expansion to higher latitudes, possibly influenced by changes in trophic state [Crouch et al., 2001; Sluijs et al., 2007a] .
[4] An expanded PETM record in midlatitude shelf settings occurs in outcrops and boreholes along the northeastern coastal plains of the United States [Olsson and Wise, 1987; Gibson et al., 1993; Gibson and Bybell, 1994] , and has been studied extensively (see below). It is, however, not yet clear how much of the time span of the PETM is represented in the sedimentary record. This question is addressed by integration of biostratigraphic, lithostratigraphic, ecostratigraphic and stable isotope records. We thus provide a new detailed regional correlation framework, with significant differences from published records [e.g., Gibbs et al., 2006a] and is the basis for understanding of the environmental and biotic responses to the PETM.
Geologic Setting and Previous Studies
[5] The New Jersey Coastal Plain (NJCP) in the northern part of the Salisbury Embayment contains one the most complete North Atlantic records of shallow marine PaleoceneEocene boundary deposition in America [Olsson and Wise, 1987; Gibson et al., 1993; Gibson and Bybell, 1994] . Sediments dominantly consist of bioturbated glauconitic clays, silts and sands, deposited on a sediment-starved siliciclastic shelf [Browning et al., 2008] . The upper Paleocene Vincentown Formation (Fm.) consists of green-to-brown, glauconitic quartz sands updip (closest to the paleo-shoreline: more proximal), changing downdip (further away from the paleoshoreline: distal) to more fine-grained, glauconitic quartzose silts and clays. The lower Eocene Manasquan Fm. commonly consists of a yellow-green to olive-green, massive calcareous clay/silts to very fine sands [Olsson and Wise, 1987] . A thick kaolinite-rich, clayey layer with rare or without glauconite is intercalated between the Vincentown and Manasquan lithologies [Olsson and Wise, 1987; Gibson et al., 1993 Gibson et al., , 2000 . This unit has been assigned to the Marlboro Fm. [Kopp et al., 2009] and is the regional expression of the PETM [e.g., Gibson et al., 1993; 2000; Cramer et al., 1999; Harris et al., 2010] . The clays are unconformably overlain by glauconitic clays to clayey silts of the Manasquan Fm. [Olsson and Wise, 1987] . We refer to this unconformable contact as the main unconformity. Additional stratigraphic gaps may be recognized at sharp lithologic changes or by prominent changes in nannoplankton composition [e.g., Cramer et al., 1999; Gibbs et al., 2006a] .
[6] Ocean Drilling Program Leg 174AX recovered continuous cores of uppermost Paleocene and lowermost Eocene deposits on the NJCP (including Ancora and Bass River) . The United States Geological Survey drilled a core at a more landward location at Clayton, supplemented by the Wilson Lake core, $5 km to the East (Figure 1 ). High resolution foraminiferal and bulk stable isotope Zachos et al., 2006; Sluijs et al., 2007b; John et al., 2008] , nannofloral [Bybell and Self-Trail, 1997; Gibbs et al., 2006a Gibbs et al., , 2006b ], organic biomarker and dinocyst Sluijs and Brinkhuis, 2009] records have been generated, but benthic foraminiferal assemblages have been studied at much lower resolution only Harris et al., 2010] . Clayton and Wilson Lake are closest to the paleo-shoreline (updip), at shallowest depths, with Ancora intermediate and Bass River furthest offshore (downdip). The differences in water depth at the deepest Bass River and shallowest Clayton site has been estimated at about 40-70 m [Olsson and Wise, 1987; Harris et al., 2010] , with depths interpreted between 50 and 200 m (middle to outer shelf) at all sites over the studied interval. [7] Environmental changes during the PETM are clearly expressed in the Marlboro Fm. clays in New Jersey (NJ). Sea surface temperatures rose by up to 8 C during the early PETM, with peak temperatures in excess of 33 C . The CIE is pronounced in bulk and foraminiferal carbonate as well as in organic matter of dinocysts Kent et al., 2003; Zachos et al., 2006; Sluijs et al., 2007b; John et al., 2008] . Distinctive nannoplankton (Discoaster araneus and D. anartios) and dinocyst (Apectodinium augustum) associations are present [Bybell and Self-Trail, 1997; Cramer et al., 1999; Gibbs et al., 2006a; Sluijs and Brinkhuis, 2009] . Benthic foraminifera show assemblage changes [Olsson and Wise, 1987; Gibson et al., 1993; Gibson and Bybell, 1994; Cramer et al., 1999; Harris et al., 2010] , though considerably fewer taxa became extinct than in the deep sea. Benthic assemblages suggest that during the PETM dysoxic conditions prevailed, while primary productivity was high, as supported by nannofossil and dinocyst data Sluijs and Brinkhuis, 2009] . The PETM silty clays were deposited at high sediment accumulation and carbon burial rates , and high concentrations of kaolinite indicate intensive weathering 2000; Cramer et al., 1999] . The environmental setting during the PETM allowed proliferation as well as preservation of magnetotactic bacteria, resulting in abundant magnetofossils [Lippert and Zachos, 2007; Kopp et al., 2009; Dickens, 2008] . Proliferation and preservation of magnetofossils indicate dysoxic (but not anoxic to euxinic) conditions within the sediments, at high iron bioavailability [Dickens, 2008] .
[8] Despite the many studies, it remains unclear exactly which parts of the PETM are represented in the sediments at different locations due to unconformities and condensed intervals, so that estimates of the average sedimentation rates and completeness of the PETM diverge widely (Table 1) . Biostratigraphic correlations between Wilson Lake and Bass River have been proposed [Sluijs and Brinkhuis, 2009; Stassen et al., 2012a] , but no integrated correlation between all four sites is available, and high-resolution benthic foraminiferal evidence has thus far not been included. We present highresolution stable isotope records from the benthic species Cibicidoides succedens/alleni and Anomalinoides acutus, addressing potential taxonomic inconsistencies between earlier studies [Stassen et al., 2009] , and compile distribution patterns of characteristic benthic foraminiferal taxa.
Methods
[9] Samples from Bass River and Wilson Lake were disintegrated in distilled water and washed over a >63 mm sieve, and the weight percentage of the sand-size fraction determined. Foraminiferal specimens in many samples in the Marlboro Fm. have a translucent, glassy test, whereas those from the sandy intervals are non-translucent (Figure 2 ). Foraminiferal tests from the PETM interval generally do not show significant etching or dissolution, although some specimens are filled with iron oxides or pyrite. We added data to the bulk carbonate isotope record of Clayton, with analyses performed at the University of California, Santa Cruz. Foraminiferal isotope records of the Wilson Lake and Bass River sites are based on multiple (10-20) specimens of single foraminiferal species from the 125-630 mm size fraction (A. acutus and C. alleni/succedens, Figure 3 ). Rare specimens in the virtually barren Paleocene are severely corroded and were not analyzed. Stable carbon isotopes of benthic foraminifera were measured with a Thermo DeltaPlus Advantage mass spectrometer at the Earth System Center for Stable Isotopic Studies (ESCSIS, Yale Institute for Biospheric Studies, Yale University). All values are given in d
13
C notation relative to PeeDee belemnite standard (PDB) (see auxiliary material).
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[10] We integrated our data with published biostratigraphic (calcareous nannoplankton: NP) and lithostratigraphic (weight percentage > 63 mm: wt% and unconformities) data. Subdivision into nannoplankton (sub)zones follows Aubry [1996 Aubry [ , 1999 , a refinement of Martini [1971] . The lowest occurrence of Discoaster araneus or D. anartios in standard Zone NP9 allows the separation into subzones NP9a and NP9b. Zone NP10 is subdivided using the total ranges of Tribrachiatus digitalis and T. contortus (Subzones NP10b and 10d respectively) and the partial range of T. bramlettei (Subzones NP10a and NP10c). The NP9b-NP10 zonal boundary (lowest occurrence of T. bramlettei) is placed within the Marlboro Fm. by Gibson et al. [1993] , Gibbs et al. [2006a] , and L. Bybell (personal communication, 2010) , differing from the placement at the base of the sandy Manasquan Fm. Aubry et al., 2000] , probably due to different taxonomic concepts. We used the lowermost reported occurrence within the Marlboro Fm. as the zonal marker, in accordance with the observed range in deep-sea sequences [e.g., Agnini et al., 2007] . Multiple lower Eocene unconformities are reported in the NJCP (Table 2) , based on biostratigraphic gaps, erosional or burrowed surfaces, and variations in lithology.
[11] We determined planktic-benthic foraminiferal ratios (P/B), a paleodepth proxy [van der Zwaan et al., 1990; Gibson, 1989; Gibson et al., 1993] , and relative abundances of selected benthic foraminiferal taxa (Table 3 and Figure 4 ) on representative splits (size fraction > 63 mm at Wilson Lake and Bass River). In samples with abundant terrigenous grains, flotation in zinc chloride solution was used to concentrate foraminifera [Semensatto and Dias-Brito, 2007] . We used published data for Clayton (size fraction > 63 mm ) and Ancora (size fraction > 100 mm Harris et al., 2010] . No detailed benthic foraminiferal taxonomy of the NJ Paleocene/Eocene species has been published since Olsson [1960] , and taxonomic use appears to be not consistent. For example, the distribution of Bulimina aspero-aculeata Brotzen 1948 at Bass River mimics the distribution of the morphologically similar Bulimina callahani Galloway and Morrey 1931 in our taxonomy, and these are probably the same species. A PETM bloom of Spiroplectinella and Pseudouvigerina species has been described at all sites, yet under different names (e.g., Gibson et al. [1993] : Spiroplectammina wilcoxensis Cushman and Ponton 1932; Pseudouvigerina wilcoxensis Cushman and Ponton 1932; we recognized Spiroplectammina laevis (Roemer 1841) and Pseudouvigerina wilcoxensis; Cramer et al. [2000] and Harris et al. [2010] : Spiroplectammina plummerae Cushman 1948 and Pseudouvigerina cuneata (Brotzen 1948) . Detailed benthic foraminiferal taxonomy is not the topic here, and species belonging to these genera were combined to avoid taxonomic discrepancies.
[12] Benthic foraminifera in the PETM can be combined in biogroups (suites of taxa with shared distribution patterns) [Stassen et al., 2012a [Stassen et al., , 2012b . The abundance patterns of the main representatives of the three biogroups (Table 3 ; species shown in Figure 2 ) were used to define ecostratigraphic intervals, called biofacies ( Figure 4 ). Benthic foraminiferal assemblage composition is mainly determined by the interplay between organic flux, bottom and pore water oxygenation, and species competition [van der Zwaan et al., 1999; Murray, 2006; Jorissen et al., 2007] . The main parameter in muddy, shallow water environments, where food-supply is much higher than in the deep-sea, is the availability of oxygen [van der Zwaan et al., 1999; Jorissen et al., 2007] . Species in biogroup 1 (Tappanina selmensis, Pulsiphonina Table 2 ). Isotopic correlation along the NJCP is mainly based on benthic foraminiferal isotope records, in addition to dinocyst and bulk carbonate isotope records (data sources in Table 2 ). CIE subdivision corresponds to the chronology of and the lowest occurrence of Tribrachiatus bramlettei (zonal marker of the NP9-NP10 boundary).
prima and Anomalinoides acutus) and biogroup 2 (Pseudouvigerina and Spiroplectinella) have been generally regarded as indicators of dysoxic conditions and an elevated organic flux (eutrophic to mesotrophic conditions) [e.g., Olsson and Wise, 1987; Gibson et al., 1993; Gibson and Bybell, 1994] . Most of these probably had an endobenthic lifestyle, because their morphology is similar to that of extant taxa under such conditions [Corliss, 1991; Buzas et al., 1993; Jorissen et al., 2007] . Tappanina selmensis is a shelf species, but became globally abundant in the deep ocean just after the benthic foraminiferal extinction [Thomas, 1998] , and may be an opportunistic taxon, occurring at high abundance in severely disturbed or stressed environments [e.g., Gibson et al., 1993] .
Results

Lithostratigraphy and Biostratigraphy
[13] The Uppermost Paleocene Vincentown Fm. contains abundant quartz and glauconite at all sites (Figure 4), and is assigned to nannofossil Subzone NP9a (presence of D. multiradiatus, absence of PETM marker taxa). The benthic foraminiferal species Gavelinella beccariiformis is a common cosmopolitan Paleocene benthic foraminiferal species ranging from the deep-sea into oligotrophic deep shelf settings [e.g., Widmark and Speijer, 1997] , its extinction coincides with the onset of the CIE [Thomas, 1998 . It is common at the NJ sites, except for the shallowest (Clayton), and its highest occurrence (as globally) coincides with the onset of the CIE (Figure 3 ). Sporadically occurring specimens of G. beccariiformis above the CIE-onset have pre-CIE isotope values , and are considered reworked, rather than representing a small diachronous range in shallow water ecosystems.
[14] At Clayton and Wilson Lake, there is a gradual transition from the typical Vincentown Fm. to the Marlboro Fm., where sediments become finer grained (from fine/medium sand, toward very fine silty sand up to clay up-core) and glauconite gradually disappears. This transitional interval has not been described at Ancora, and is absent in the most downdip Bass River (Figure 4 ). The fine-grained glauconitepoor clayey lithology is similar to the clays of the Marlboro Fm. in Maryland and Virginia, suggesting a large areal extent of this unit [Kopp et al., 2009] , which in Maryland, however, represents a more marginal environment than in NJ .
[15] Exact stratigraphic assignment of the transition to a nannoplankton zone is not possible because of severe dissolution of carbonate . The clayey part of the Marlboro Fm. contains PETM nannofossil excursion taxa (either Discoaster araneus or D. anartios), allowing assignment to Subzone NP9b, which spans several m at Clayton and Wilson Lake, as marked by the lowermost occurrence of Tribrachiatus bramlettei (base NP10a). At Bass River, the lowest occurrences of D. araneus and T. bramlettei coincide, indicating minor discontinuities or strong condensation of the NP9b Subzone, in agreement with the lack of transitional sediments .
[16] At Ancora, the fine-grained interval below the main unconformity consists of a clayey lower and a siltier upper part (Figure 4) , which has been attributed respectively to the Marlboro and Manasquan Fm., with the placement of an unconformity at 165.51 m [e.g., Kopp et al., 2009] . We disagree and assign the entire interval to the Marlboro Fm., based on benthic foraminiferal data (see 4.3) and the lack of glauconite, a common feature of the Manasquan Fm. PETM marker nannofossil taxa (D. araneus and D. anartios) are most abundant in the lower PETM interval (164.47-169.47 m), and only D. araneus occurs occasionally higher up, with its highest occurrence at 159.29 m . The Ancora site thus contains a 6.34 m thick lithologic unit not encountered in the other sites, entirely assigned to Subzone NP9b, with the lowest occurrence of T. bramlettei above the main unconformity (Figure 3 ). This suggests that Ancora contains the most expanded NP9b interval, based on low-resolution data . More detailed studies may show the lowermost occurrence of T. bramlettei closer to base of the clay unit at Ancora.
[17] The main unconformity is at the base of the lower Eocene glauconite-bearing Manasquan Fm. At most sites, Subzone NP10a is truncated at the top by the main unconformity and is most expanded at Bass River (Figure 3) . A second major unconformity lies at the base of the Shark River Fm. (NP14), which directly overlies the Manasquan Fm. (Wilson Lake) or the Marlboro Fm. (Clayton) in the updip sites. Nannofossil distributions at Wilson Lake indicate a relatively expanded upper NP10a up to lower NP11 sequence (pers. comm., Laurel Bybell), whereas this interval is more condensed and incomplete downdip (Figure 3) . At Bass River the sediment just below the main unconformity contains more coarse-grained particles (quartz and glauconite), but correlation with the silty interval at Ancora is uncertain, . Litho-and ecostratigraphic correlation along the NJCP based on the planktic-benthic ratio, coarse fraction and distribution patterns of several characteristic taxa, combined in biogroups (data source in Table 2 , biogroups composition: Table 3 ). Apectodinium abundance increases and dinocyst events (a-n) after Sluijs and Brinkhuis [2009] .
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and intense bioturbation across the unconformity may be the cause of the coarse grain size.
Carbon Isotope Stratigraphy
[18] The CIE in NJ is observed in bulk carbonate, dinocyst organic carbon, and in benthic and planktic foraminifera (Figure 3 ) Kent et al., 2003; Zachos et al., 2006; Sluijs et al., 2007b; John et al., 2008] . The onset of the CIE is defined by a rapid decrease in carbon isotope values, followed by sustained low d
13 C values. This sharp negative shift is abrupt in the downdip sites (Ancora: 171.6-171.3 m; Bass River 357.4-357.3 m) Kent et al., 2003] , without transitional values in bulk carbonate, dinocyst and benthic foraminiferal records (Figure 3) , and without transitional d
13 C values in singlespecimen planktic foraminifera records at Bass River John et al., 2008] . The scatter in values around the P-E boundary at Bass River (357.4-356.6 m) is probably due to reworking: Cibicidoides is very rare in the basal PETM, so that isotope values probably reflect a mixture of reworked uppermost Paleocene and in situ lowermost Eocene specimens within this condensed interval Stassen et al., 2012a] .
[19] At Wilson Lake, dinocyst d 13 C values place the onset of the CIE between 109.9 and 109.8 m, followed by a gradual excursion toward lowest values from 109.8 to 108.7 m . The dinocyst values within the CIE "core" range between À27 and À28‰ at Wilson Lake, and $1‰ lower at Bass River. The bulk carbonate and benthic foraminiferal isotope records are interrupted by a carbonate-free dissolution interval at the base of the CIE (Wilson Lake 109.9-109.5 m). The bulk carbonate record displays a rapid but gradual upwards decline in the initial stages of the CIE, which may reflect a declining effect of sediment mixing. The bulk carbonate isotope record of Clayton places the onset between 97.7 and 97.8 m , likewise interrupted by a thin carbonate-poor interval, and followed by decreasing values up to 95.5 m. At all sites, the benthic foraminiferal d
13 C values remain stable in the succeeding expanded interval (Figure 3 ) with sustained low d 13 C values (means at Wilson Lake: À3.3‰; Ancora: À2.8‰; Bass River: À2.4‰). Planktic values (Acarinina) are $À0.6‰ at Bass River, with a similar average but larger variability at Wilson Lake John et al., 2008] .
[20] In the more updip sites (Clayton and Wilson Lake), the interval of sustained low benthic foraminiferal d
13
C values continues up to the erosional contact at the main unconformity. At Wilson Lake, Cibicidoides spp. above this level yield post-CIE values. Immediately above the main unconformity (96.32 m), A. acutus is less well-preserved than Cibicidoides, suggesting reworking. At Bass River, a recovery trend starts at 352.8 m and continues up to the main unconformity. At Ancora, a marked initial isotope recovery occurs between 165.7 and 165.4 m, followed by a more gradual recovery, truncated by the main unconformity. The 2‰ range in isotope values between 164 and 164.5 m is attributed to reworking, although no changes in biota or lithology are observed. The two intervals in which d 13 C increases upwards at Ancora are tentatively correlated to recovery phase I and II of the CIE, based on the distribution of PETM biofacies C (see 4.3), which suggests that the uppermost part of the PETM at Bass River correlates with the second positive isotope trend (recovery phase II) at Ancora.
[21] In contrast to foraminiferal and dinocysts values, bulk carbonate d 13 C in the "core" of the CIE varies strongly between sites, with much lower values at the updip sites than at the downdip sites (Figure 3) . Bulk carbonate values at Bass River are on average À2.1‰ (slightly lower than the benthic foraminiferal values), values at Ancora about À3.2‰ ], whereas at Clayton and Wilson Lake values were as low as À5.3 to À4.0‰ in the lower part of the CIE, increasing to À3 to À2‰ higher up Zachos et al., 2006] . The bulk carbonate d
13 C values at South Dover Bridge in Maryland are about À3.0‰, close to these at Ancora [Self-Trail et al., 2012] .
[22] Carbon isotope patterns during the CIE vary between the studied sites (Figure 3) , with the largest differences in the bulk carbonate record, which may have been influenced by varying proportions of carbonate particles (nannofossils, planktic and benthic foraminiferal fragments), and/or diagenesis (see below). The dinocyst isotope record is based on total assemblages and may have an environmental/assemblage bias as fluctuating dinocyst abundances indicate dynamic surface water conditions during the PETM [Sluijs and Brinkhuis, 2009] . Planktic foraminifera show similar mean values at different sites, but the variability is larger at Wilson Lake John et al., 2008] . Benthic foraminiferal assemblages are relatively stable during the CIE at all sites, suggesting less variable bottom water conditions. Therefore we consider benthic foraminiferal d
C records based on singlespecies best suitable for first order correlations, although some local heterogeneity in bottom waters cannot be excluded. The analyzed species (A. acutus and C. succedens/alleni) have both epibenthic morphologies, with almost identical isotope values in samples where they co-occur, indicating mutual vital effects.
[23] The Marlboro Fm. can thus be subdivided into three chemostratigraphic units (Figure 3) . Wilson Lake contains the most expanded basal part of the PETM and all sites contain a zone of sustained low d
13 C values, truncated at the top in the updip sites. The Bass River and Ancora isotope records indicate that a higher part of the PETM interval is present at the deeper sites, in agreement with interpretation of the dinocyst record at Bass River [Sluijs and Brinkhuis, 2009] . The PETM interval below the regional main unconformity includes here the top part of the CIE "core" and parts of the recovery phase (Bass River: recovery phase I and in part phase II; Ancora: mainly recovery phase II). Recovery phase II is expanded at Ancora, though incomplete, encompassing the silty interval and probably represents the youngest preserved part of the PETM in the NJCP.
Ecostratigraphy
[24] Uppermost Paleocene (Vincentown) sediments are characterized by low P/B (planktic/benthic foraminiferal) values, as are post-PETM Eocene (Manasquan) sediments. In the uppermost Paleocene G. beccariiformis is common and the species typical of the three PETM biogroups have minor occurrences (Figure 4 ). In the updip sections there are several intervals with very few to no calcareous foraminifera, whereas calcareous microfossils are more common at coeval levels at Bass River [Stassen et al., 2012a] . The Marlboro clays deposited during the PETM contrast sharply in foraminiferal content with both older and younger deposits, and having persistent high P/B values and sequential blooms of benthic foraminiferal species of the three PETM biogroups. Because the P/B is constantly high throughout the PETM, we used the distribution of the benthic foraminiferal biogroups to subdivide the interval into three biofacies (A, B and C).
[25] The biotic turnover between the uppermost Paleocene and the base of the Eocene is gradual in the updip sites (Clayton and Wilson Lake), corresponding to the gradual lithologic transition (Figure 4) , where P/B values increase rapidly but gradually up-section, as does the abundance of biogroup 1 species [Stassen et al., 2012a] . A thin barren dissolution zone occurs within the transitional interval Zachos et al., 2006; Stassen et al., 2012a] . Sample resolution is insufficient to resolve the rate of turnover at Ancora, but the transition is abrupt at Bass River [Stassen et al., 2012a] , where there is also a rather abrupt lithologic contact and nannofossil Subzone NP9b is very thin. Extremely high abundances of planktic and benthic foraminiferal occur just above the contact [Stassen et al., 2012a] , suggesting that the transition into the PETM is punctuated by a short unconformity or condensed interval . The latter may be more probable, because the succession of regional biotic events at Bass River resembles that at the more expanded Wilson Lake [Sluijs and Brinkhuis, 2009; Stassen et al., 2012a] .
[26] At all sites, the lower part of the Marlboro Fm. contains biofacies A, dominated by biogroup 1 species P. prima, A. acutus and T. selmensis, and characterized by the lowest diversity. This biofacies is indicative of highly stressed seafloor conditions, probably related to low-oxygen conditions, as also recognized at other NJCP sites [Olsson and Wise, 1987; Gibson et al., 1993; Harris et al., 2010] . The presence of a relatively thick biofacies A interval at Ancora indicates that there is no condensed basal interval. The top of biofacies A is defined by the increase in abundances of biogroup 2 species (Spiroplectinella and Pseudouvigerina) and is closely associated with the NP9b-NP10a zonal boundary. Species of biogroup 1 remain common within the following biofacies. Biogroup 2 species are more common at the shallower sites and probably represents periodically rather than continually stressed, dysoxic bottom conditions [Stassen et al., 2012a] . The abundances of the biogroups 1 and 2 become stable at 103.65 m at Wilson Lake, a level coeval with the top of the relatively condensed interval at Bass River ( Figure 5 ). At Clayton and Wilson Lake, the top of biofacies B is truncated by the main unconformity.
[27] Downdip (Ancora and Bass River), biofacies B is succeeded by biofacies C, characterized by higher abundance of biogroup 3 species (Figure 4 ). This biofacies occurs in the top part of the clayey interval at Bass River and in the silty interval at Ancora, truncated at both sites by the main unconformity. Its continuation in the siltier unit at Ancora suggests that there is an expanded upper PETM interval at Ancora, not present at the other sites. Biofacies C indicates the re-establishment of more oxic bottom conditions, although at persistent eutrophic conditions. Planktic foraminifera and all three PETM biogroups persist above the main unconformity at Wilson Lake, where the overlying lower Eocene glauconitic sandy clays of the Manasquan Fm. contain a fauna comparable to that in the uppermost Paleocene, and the PETM biogroups are only minor components.
Integrated Stratigraphy
[28] The NJCP Paleocene/Eocene transition can be subdivided into cross-gradient, correlatable intervals integrating biostratigraphic, lithostratigraphic, ecostratigraphic and chemostratigraphic data. Detailed dinocyst and benthic foraminiferal distribution patterns of the Wilson Lake and Bass River records [Sluijs and Brinkhuis, 2009; Stassen et al., 2012a] indicate a consistent sequence of stratigraphic events during the PETM (Figures 4 and 5 a simultaneous dispersal of T. bramlettei along the NJ shelf is expected. An uncertainty in the chemostratigraphic correlation is caused by the potential heterogeneity of the isotope composition of dissolved inorganic carbon (DIC) in shelf settings (see 5.1). The start of the isotope recovery trend, as observed in all carbon-bearing marine compounds, at Bass River (352.8 m), does not correlate to any level below the main unconformity at Wilson Lake ( Figure 5) . The absence of a benthic biofacies shift at this level indicates that there was no major change in seafloor conditions. Therefore, the isotopic shift at 352.8 m at Bass River probably reflects a genuine shift in the DIC pool, thus can be used for crossgradient chronostratigraphic correlation.
[29] Regional litho-and ecostratigraphic correlations commonly are diachronous, and benthic foraminiferal distributions are generally related to paleodepth. Studies along a depth gradient thus are used to trace lateral facies shifts over time [e.g., Olsson and Wise, 1987] . As an example, during sea level rise, facies expressed at deeper sites move inland, to the locations of shallower sites [e.g., Harris et al., 2010] . Yet during the PETM, correlations based on trends in foraminiferal abundances may contain significant regional (eco)stratigraphic information, because of the widespread effect of the PETM on lithologic and biotic expressions. As an example, the termination of biofacies A closely corresponds to the NP9-NP10 zonal boundary. The characteristic PETM biofacies have not been observed anywhere along the eastern U.S. coastal Plain before the PETM [Gibson and Bybell, 1994] , and rapidly became established over the full depth range of sites. Under these circumstances, one cannot use benthic biofacies to estimate paleodepth changes during PETM, because other factors than depth (sedimentary, environmental and taphonomic) were determinant. Estimates of changes in paleodepth using the foraminiferal data at face value (i.e., 50-70 m) ] therefore tend to be higher than realistic estimates of sea level rise over the maximum of 10-20 kyr during the onset of PETM global warming, at a time where polar ice sheets were probably small (i.e., 20-30 m) .
[30] In conclusion, the vertical succession and lateral distribution of biofacies and lithofacies over the studied interval dominantly reflect the regional environmental evolution over time, i.e., the effects of the PETM global warming along the entire shelf gradient, and do not dominantly relate to water depth-related lateral facies shifts. The fact that the PETM environmental changes were the main determinant of the observed changes in lithology, benthic foraminiferal compositions and isotope values implies that the NJCP PETM interval can be subdivided into cross-gradient correlatable intervals, because the chemo-, bio-and isotope stratigraphic events were regionally synchronous at the time resolution of our study. The apparent minor inconsistencies between sites are likely due to differences in sample resolution of the studies.
[31] It had been suggested that the thickness of the Marlboro Fm. is a function of the proximity to the coast line, with thickest PETM intervals on the inner to middle shelf, thinning offshore . We argue that sedimentation rates were indeed higher in the shallower locations, but that the total thickness of the PETM strata is a function of combined accumulation rates and post-PETM erosion, i.e., the extent of the main unconformity. We thus see much more heterogeneity in the preserved part of the sedimentary record than formerly thought and conclude that the NJ PETM record remains incomplete, lacking specifically the later part of the recovery of the CIE in the shallowest settings.
Age Model
[32] In the NJCP PETM sedimentation rates were high (Table 1) , but accurate estimates are difficult due to multiple unconformities and condensed levels. Correlatable tie points in d 13 C records in marine and terrestrial settings are wellcalibrated [e.g., Zachos et al., 2005; Röhl et al., 2007] . The exact numerical chronology of the tie points remains debatable, in part because of discrepancies between cyclostratigraphic and 3 He [Murphy et al., 2010 ] based age models, but with our basic correlation model these numerical ages can be adjusted as age models further develop. The uppermost Paleocene average sedimentation rates were calculated on the basis of the lowest occurrence of Discoaster multiradiatus (base NP9a, Clayton ; Ancora ) or the base of magnetochron C24r (Bass River ). Wilson Lake is linearly correlated with Bass River (Figure 5 ). The datum points within the PETM are the bases of recovery phases I and II, respectively 71.25 and 94.23 kyr relative to the base of the CIE at a duration of 170 kyr , supplemented by the lowest occurrence of T. bramlettei (marker of base NP10a), with an age of 26 kyr after the onset of the PETM [Agnini et al., 2007] .
[33] At all sites, the boundary between biofacies A and B occurs below a major change in sedimentary regime, with a condensed interval at Bass River [Stassen et al., 2012a] . The change in depositional regime is expressed in the clay mineralogy and corresponds to a decline in kaolinite abundance at Clayton and Bass River Cramer et al., 1999] . The start of the change in sedimentation pattern (tipping point) is extrapolated to all sites, using a site-to-site correlation between Wilson Lake (103.65 m) and Bass River (356.3 m), or a linear extrapolation at Clayton (91.79 m) and Ancora (167.24 m). The latter is based on the position of the onset of the CIE and the base of biofacies B relative to the position at Wilson Lake ( Figure 5 ). Constant sedimentation rates are used within this basal part of the PETM and the lowermost occurrence of T. bramlettei is used to estimate average sediment accumulation rates. The positions of the CIE tie points allow an estimate of average accumulation rates in the succeeding intervals, and a minimum sedimentation rate for recovery phase II at Ancora (Figure 5 ).
[34] Average accumulation rates of the uppermost Paleocene Vincentown Fm. were on the order of 0.1-1 cm/kyr (Clayton: 0.7, Wilson Lake: 0.1, Ancora: 0.8 and Bass River: 1.0 cm/kyr). The rates are better constrained at Wilson Lake than at Clayton, where it is probably overestimated. The very low average sedimentation rates increased by at least an order of magnitude during the PETM, but with considerable differences between sites ( Figure 5 ). Estimated sedimentation rates within the basal part of the PETM range from 2.8 (Bass River) to 16.9 cm/kyr (Wilson Lake), and within the CIE "core" from 4.3 cm/kyr at Ancora to 20.0 cm/kyr at Wilson Lake. The relative position of the top of the Marlboro Fm. at Wilson Lake is correlated to a coeval level at Bass River ( Figure 5 ), indicating an average accumulation rate of 22.0 cm/kyr within the uppermost PETM at Wilson Lake (103.65-96.32 m) . The calculated total duration of the part of the PETM reflected in the sediments at Wilson Lake is thus 71 kyr, implying an almost complete CIE "core." If the lowermost PETM accumulation rates remained constant at Clayton, or more likely increased at a rate similar to that in nearby Wilson Lake (respectively 16.0 and 20.7 cm/kyr), a time interval equivalent to approximately 54 to 59 kyr is represented at Clayton. Accumulation rates during the PETM peak warming are thus considerably higher from the level of change in sedimentary regime (tipping point) onwards up to the base of recovery phase I (except for Ancora), ranging from 4.3 (Ancora) to 22.0 cm/kyr (Wilson Lake).
[35] Average sedimentation rates decreased during recovery phase I at Ancora (1.3 cm/kyr), whereas they almost doubled at Bass River (17.2 cm/kyr). If the sedimentation rates during recovery phase II at Bass River remained constant, the total duration of the preserved PETM interval would be in the order of 105 kyr, in line with a tentative estimate of 100 kyr based on the cyclic fluctuations in abundance of Apectodinium . Sedimentation rates during the terminal phase of the recovery at Ancora were at least 8.4 cm/kyr (max. total duration of the CIE: 170 kyr) as it is not known how much of the top part has been eroded. Sedimentation rates of the Manasquan Fm. (lower Eocene) cannot be calculated because of the lack of reliable data points, with thin sediment intervals bracketed by unconformities.
Discussion
Magnitude of the Carbon Isotope Excursion
[36] The PETM global warming has been attributed to the rapid emission of a large amount of isotopically light carbon into the ocean-atmosphere system. The magnitude of the CIE is used to estimate the amount of carbon compounds emitted, making assumptions regarding its isotopic composition [Pagani et al., 2006] . However, there are large discrepancies between the magnitude of the CIE in marine and in terrestrial settings, in different types of marine carbonate records (bulk carbonate, planktic and benthic foraminiferal carbonate), and in marine carbonate records from different locations [Bowen et al., 2006; McInerney and Wing, 2011] . The marine carbonate record of the CIE may be incomplete (thus an under-estimate) at many deep-sea locations because of ocean acidification and widespread dissolution of seafloor carbonates, and bulk organic carbon records may be overestimates due to the impact of changes in vegetation. Data from Walvis Ridge (SE Atlantic) and Tanzania suggest that the globally averaged CIE may have ranged between À3.5 to À5.1‰ [McCarren et al., 2008; Handley et al., 2008] . Benthic single-species foraminiferal carbon isotope values at our sites (Figures 3 and 6) , show a CIE of about À4‰, as do planktic foraminifera (Acarinina species), i.e., within this global range.
[37] Coastal regions, especially during eutrophication, commonly have considerably lower d 13 C values (by several ‰) in DIC and thus in foraminiferal carbonate [Thomas et al., 2000; Diz et al., 2009] than open ocean, due to the oxidation of land-derived or marine-bloom-related organic matter. This effect needs consideration when examining isotope records along continental shelves under the influence of river discharge [Dickens, 2011] , especially those derived from surface-dwelling organisms. The benthic values before and during the PETM tend to be slightly lower in the more proximal settings (Wilson Lake) than in the more distal settings (Bass River), but this difference is only about 0.5-0.7‰, and may be the expected coastal gradient. The greater variability in planktic foraminiferal d 13 C at Wilson Lake might likewise be due to the coastal effect. The CIE in dinoflagellate d
13 C values ( Figure 6 ) is of similar magnitude ($À4‰) as the foraminiferal CIE, but values overall are somewhat less negative at Wilson Lake than at Bass River, i.e., in the opposite direction as expected from the coastal trend. These values are derived from a mixture of species, however, thus might incorporate the effect of differences in species composition [Sluijs and Brinkhuis, 2009] .
[38] We cannot fully explain the large differences between the magnitudes of the CIE in bulk carbonate d 13 C at our and other sites in the Salisbury Embayment [e.g., Self-Trail et al., 2012] . Values at Wilson Lake are lower by up to 3‰ during the early part of the CIE than at Bass River, with values for Ancora intermediate (Figure 6 ). If these values reflected the value of DIC, we should see similar differences in magnitude in the CIE in the foraminiferal and dinocysts records, but they are absent. It seems unlikely that the minor differences in the taxonomic composition of calcareous nannoplankton [Bybell and Self-Trail, 1995; Gibbs et al., 2006a] , the main component of bulk carbonate, would cause such a major difference [Stoll, 2005] . The differences between the magnitude of the bulk carbonate CIE are thus not easily explained, but might be due to diagenetic effects on fine fraction carbonate in lowcarbonate samples, as observed in some deep-sea sections [Bralower et al., 1998; Zachos et al., 2005] . We thus conclude that benthic foraminiferal isotope records probably are not significantly affected by local influences, and can be used to correlate the different sites, allowing improved correlations within the United States Coastal Plain, as well with the global record.
Preservation of Magnetofossils
[39] The Marlboro Fm. contains a varying mixture of detrital and biogenic magnetic particles. The high deposition rate during the PETM is associated with limited oxygenation at the seafloor, as expressed by the poorly diverse benthic foraminiferal assemblages (Figure 7 ). Magnetite-precipitating bacteria occur and are also preserved in this specific environment, resulting in an abundance increase of magnetofossils in the Marlboro Fm. [Dickens, 2008; Kopp et al., 2009] . The observed regional, lateral trend in the magnetofossil-detrital ratio, with decreasing biogenic particles at the more distal sites, led to the assumption that suboxic conditions within the sediment mainly occurred in the inner to middle shelf, and extension of such conditions to the flank (Bass River) of the Salisbury Embayment was transient [Kopp et al., 2009] .
[40] We argue that the inferred lateral trends are not coeval, because the sediments deposited during time of dysoxic conditions are more condensed at Bass River, where magnetoparticles are mainly of detrital origin in the basal PETM, with magnetofossils higher up. This could indicate that there was no expanded suboxic zone within the sediment during the early stages of the PETM [Dickens, 2008] . Recovery phase I at Ancora and Bass River have magnetic particles of mixed biotic and terrigenous origin [Kopp et al., 2009] indicative of higher periodic reoxygenation of bottom waters.
This transition was not previously noticed at Ancora, because recovery phase I is relatively condensed. Recovery phase II contains fewer magnetic particles of mainly terrigenous origin [Kopp et al., 2009] , indicating the non-generation or nonpreservation of magnetofossils. The increase in grain size at Ancora (silty interval) indicates renewed sorting of the detrital input, probably due to intensified bottom currents, allowing blooms of biogroup 3 taxa. This gradual increasing oxygenation caused reduced stocks of magnetotactic bacteria and their final disappearance when bottom water oxygenation improved during recovery phase II at Ancora and Bass River (Figure 7) .
[41] Our proposed stratigraphic subdivision of the Marlboro Fm. in the NJCP into a CIE "core" and two recovery phases thus places constraints on the interpretation of the magnetic particle distribution in cores in NJ and further to the South, and requires re-evaluation of all stratigraphic correlations [e.g., Kopp et al., 2009] . We cannot address this [Kopp et al., 2009] . The Ancora record is plotted in maximum ages (complete CIE recovery).
because no detailed biotic data from the cores further to the south are available, but because of the higher accumulation rates in the more proximal settings, only partial preservation of the CIE "core" is anticipated in the southern part of the Salisbury Embayment.
Sedimentary Regime
[42] The lower Paleogene NJCP has been characterized as a starved siliciclastic marine shelf with persistently high sea level and low sediment supply [Browning et al., 2008] . Rivers with outflow on the shelf, probably located further to the South (paleo-Potomac and paleo-Susquehanna Rivers), provided only a minor sediment load to the Salisbury Embayment. The sedimentation rates for these sediments are very low (<1 cm/kyr), as is common for regions with glauconite sedimentation. In this open marine shelf setting with a low sediment supply, fine-grained material may have been winnowed by currents. In such sedimentary regimes with relatively high primary productivity, strong dissolution of calcium carbonate macro-and microfossils may occur [Green et al., 1993] . The lack of planktic foraminifera in the Vincentown Fm. and the relatively poor preservation of benthic foraminifera thus may at least in part be a taphonomic phenomenon, with the more easily dissolved planktic foraminifera most affected [Nguyen et al., 2009] .
[43] The PETM is accompanied by a radical shift in sedimentation patterns [Gibson et al., 2000] . River outflow and mud-deposition is strongly influenced by climatic conditions [Eisma et al., 1991] . Intensification of the hydrologic cycle associated with the PETM [Pierrehumbert, 2002] changed the local river outflow, leading to deposition of the thick clayey strata of the Marlboro Fm. at the proximal sites and lower accumulation rates in the outer shelf region (Bass River). The export of large amounts of suspended clay and silt onto the shelf may have resulted from the establishment of a tropical river-dominated shelf, due to increase of flow in the paleo-Potomac and paleo-Susquehanna rivers [Kopp et al., 2009] . The strong increase in sedimentation rate may have led to greatly increased preservation of carbonate fossils. The high abundance of planktic foraminifera in sediments deposited during the PETM, in combination with their carbon isotope values and highly diverse nannoplankton assemblages indicates open marine conditions without greatly reduced salinity. This suggest that river discharges occurred far from the studied sites, in agreement with the low abundance of terrestrial palynomorphs in the Marlboro Fm. in the NJCP although a 3-4 ppt drop in surface water salinity could have occurred . The interplay of the increased river discharges and subsequent transport by shelf bottom currents may have resulted in the deposition of a mud belt in the northern Salisbury Embayment, with heterogeneity in sedimentation rates as observed in modern mud belts [Bianchi and Allison, 2009] .
[44] Benthic foraminifera monitor fluvial impact on marine shelf ecosystems, even at large distances from the river outflow areas [van der Zwaan and Jorissen, 1991] . Due to the interaction of excess organic fluxes and periodic depletion of oxygen levels caused by its decomposition, organic matter can be captured within fine-grained sediments [Aller and Blair, 2006] . We interpret biogroup 1, with abundant A. acutus, P. prima and T. selmensis, as a river outflow assemblage, inhabiting an organic-rich mud belt as the direct biotic response to the eutrophication and potential stratification of surface waters caused by large riverine inputs to which opportunistic taxa rapidly responded [e.g., van der Zwaan and Jorissen, 1991] . The dominance of this one biogroup in biofacies A during the first $30 kyr of the PETM suggests continuous eutrophication of the entire shelf, possibly with salinity and/or thermal driven stratification of the water column and continual fluxes of suspended clay particles.
[45] The increase in sedimentation rates coincided with increasing abundance of low-salinity tolerant dinocysts [Sluijs and Brinkhuis, 2009 ] $40 kyr after the onset of the PETM. From this level on, the abundances of both biogroup 1 and 2 taxa were fairly stable at Wilson Lake (Figure 7) , possibly indicating recurrent flood events during monsoonal precipitation cycles or high frequencies of tropical cyclone activity [Kopp et al., 2009] . A brief intense wet season and prolonged dry season, creating a sparsely vegetated hinterland, has been proposed to explain the combination of high siliciclastic input and low terrestrial organic matter Sluijs and Brinkhuis, 2009] , but terrestrial and marine organic matter could have been partly remineralized after deposition [Aller and Blair, 2006] . The co-occurrence of two biogroups in biofacies B is the response to an establishment of a periodic (seasonal) pattern in stratification and dysoxia during the upper part of the CIE "core" and recovery phase I (Figure 7 ). During these periodic flood events, large amounts of suspended clay and fresh-water tolerant dinoflagellates were carried offshore, far from the coastline, and deposition occurred in an expanded mud belt on the entire NJ shelf.
[46] Environmental conditions ameliorated during recovery phase II, when eutrophic, yet oxic bottom water conditions became established as indicated by biofacies C. The reoxygenation of the water column and deposition of silt (Ancora) rather than clay indicate intensification of bottom currents (e.g., storm events), preventing continual stratification and allowing oxygenation at least locally. The continuation of high sedimentation rates indicates that riverine discharges persisted, but the river-dominated shelf evolved toward more storm-dominated conditions during recovery phase II.
Ocean Acidification
[47] The preservation of planktic and benthic foraminifera is excellent within the PETM interval, with glassy preservation, in contrast to the preservation in the uppermost Paleocene sands (non-translucent), especially at the shallower sites (Figure 2 ). The improved preservation may, at least in part, be due to the increased rates of sedimentation, but is surprising because it has been argued that ocean acidification was severe during the PETM, at the greatly increased atmospheric CO 2 levels [Zachos et al., 2005] . Modeling suggested that severe dissolution during ocean acidification would have affected shallower waters strongly [Caldeira and Wickett, 2003] . The presence of 'excursion taxa' of calcareous nannofossils has been proposed to be a response to ocean acidification [Raffi et al., 2009] , and their occurrence at the NJ sites has been interpreted accordingly, although this is debated Self-Trail et al., 2012] . A relatively slow rates of ocean acidification during the PETM (as measured in kyr compared to present-day acidification), however, could have resulted in minor decrease in carbonate saturation in surface waters and much more severe undersaturation in the deeper ocean [Hönisch et al., 2012] . If this is correct, it could explain why carbonate preservation in shelf settings is better than in the deep ocean [Zachos et al., 2005] , underscoring the importance of studying the effects of global warming in different settings in order to understand global impacts. If ocean acidification was an important cause of the deep-sea benthic foraminiferal extinction, less severe dissolution at shallower depths could explain the much less severe extinction among surface calcifiers such as calcareous nannoplankton and planktic foraminifera, as well as the much less severe extinction in shallow-water than in deep-sea benthic foraminifera.
Conclusions
[48] 1. Based on the integration of bio-, eco-and lithostratigraphic data from four NJCP sites, a regional correlation framework of the top of the Vincentown Fm. and the Marlboro Fm. is proposed and used to develop an age model for these shelf sequences.
[49] 2. The major climatic and environmental changes during the PETM determined general patterns in lithology, benthic foraminiferal isotope records and foraminiferal distribution across the studied shelf transect, which can be used for a stratigraphic subdivision of the PETM interval in the NJCP.
[50] 3. None of the studied sites along the NJ transect contains a complete coverage of the PETM because widespread but regionally variable unconformities have removed parts of the sequences to a variable degree. The early stages of the PETM are best captured at Clayton and Wilson Lake, where a transitional fauna and lithology is recorded. The Bass River and Ancora isotope records contain the higher parts of the CIE with (partial) preservation of recovery phases I and II below the regional main unconformity.
[51] 4. During the PETM, the NJ shelf changed from a sediment-starved setting to a tropical, river-dominated mudbelt system, probably due to the increased activity of the hydrologic cycle. Benthic biofacies and distribution of magnetofossils reflect the associated environmental changes. The highly increased sedimentation rates facilitated excellent preservation of carbonate microfossils, in sharp contrast to the very poor preservation prior to the PETM.
[52] 5. The excellent preservation of carbonate suggests a lack of ocean acidification in shelf settings. This may have been an important factor in the low degree of extinction among shelf-dwelling benthic foraminifera, compared to the deep-sea.
